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She Heterogeneity of Salmonella typhimurium 
Lipopolysaccharides in Outer Membranes and Culture 
Supernatant Membrane Fragments 

ROBERT S. MUNFORD/* CATHERINE L. HALL' a«d PAUL D. RICK 1 

Department of lnUrn&l Meditate and Department of Microbiology, University of Ttxa* Health ScUnct 
Center at Dallas. DalLae, Teiaj 75215 1 and Department of Microbiology, Uniformed Services Utuvereity of ' 
Ike Health Science t, Betkeeda, Maryland 20024* 

ErUcrobacteriaceae calls growing in liquid media shed fragments of their outer 
membranes. These Era amenta, which may constitute a biologically important 
form of gram* negative bacterial endotoxin, have been reported to contain protein*, 
phospholipids, and lipopolysaccharides (LPS). In this study we compared the 
sue* of LPS molecules in shed membrane fragments and outer membranes from 
cells growing in broth cultures, Using conditional mutants of Salmonella typhi' 
murium which incorporate specific sugars into LPS, we analysed radiolabeled 
LPS by sodium dodecyl Bulfste-polyacryLamidt gel electrophoresis. This tech- 
nique revealed that S. typhimurium LPS are more heterogeneous than previously 
known: molecules possessing from 0 to more than 30 O-chain repeat units were 
identified in outer membranea, supernatant fragment*, and purified LPS. The size 
distributions of LPS molecules in outer membranes and supernatant fragments 
were similar; au perns taut fragments appeared to be slightly enriched in molecules 
with long O-polyaeccharide chains. Our results indicate that LPS molecules of 
many *iaes are Ryntheaued, translocated to outer membranes, and released into 
culmr* *ufxrn»iAntfl. Since tht liydrophilic O-jwlywiCchftride*: p.rtcnc 1 from bac- 
terial surface* Into the aqueous environment, oui findings suggest that the cell 
aurfacs topography of this bacterium may be very irregular. We also speculate 
that heterogeneity in the degree of polymerisation of 0 -antigenic aide chains may 
influence the interactions of the toxic moiety of LPS (lipid A) with host constit- 
uents. 



As Enurobaeteriactae cells grow in liquid 
media, they release membrane fragments (blebs) 
which have been reported to contain lipopoty- 
saccharides (LPS), phospholipids, and proteins 
<30). Existing evidence suggests that these frag- 
ments a/e not released randomly from cell sur- 
faces. They seem to be &hed at an early stage of 
outer membrane synthesis <17) and to differ in 
protein composition from total outer membrane 
(8, 29). The composition of the blebs and the 
mechanism by which they are released may thus 
provide clues to the poorly understood process 
of outer membrane assembly. Those membrane 
fragments may also be important for a quite 
different reason; it is possible thst they resemble 
the form in which toxic LPS (endotoxin) are 
released by gram-negative bacteria growing in 
vivo. There is no direct evidence to support this 
idea, yet it seems likely that culture supernatant 
LPS more closely approximate the chemical and 
physical properties of "natural" endotoxin than 
do the LPS which are extracted from these 



bacteria by hot 46% phenol trichloroacetic acid, 
or other standard methods (14). 

Other workers have examined the protein, 
LPS, and phospholipid compositions of super- 
natant membrane fragments of Escherichia coli 
and Salmonella spp. grown under conditions of 
restricted protein synthesis (12, 29) or using 
mutant strains which produce defective LPS (8, 
12, 17, 29). The present study was undertaken to 
compare the LPS molecule* in supernatant 
blebs and outer membranes isolated from the 
same cultures of growing Salmonella typhimu* 
rium. We used conditional mutants which incor- 
porate specific sugars into their LPS. Intrinsi- 
cally labeled LPS were analysed by sodium do- 
decyl soilfsU-polyacrylamide gel electrophoresis 
(SDS-PAGE), a technique which separates LPS 
molecules having different polyaacchande con* 
tents (9). We found that the LPS made by these 
strains were unexpectedly heterogeneous in sue, 
and we describe experiments in which this con- 
clusion was vslidated. The technique wa* then 
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used to compare the size distribationa of LPS 
molrculw in outer membrane* and culture bu- 
pernatant membrane fragmcnta. 

MATERIALS AND METHODS 

B ecterial etraine and media. Three •train* of 5. 
typhimurium »ere provided by M J. Oebom and H. 
C. Wu, University of Connecticut health Center, Fir- 
nungton, Strain G-30 r which ie deficient in undine 
diphoaphate-gaJaetoae 4-epimeraae, incorporate* g«. 
lactoee elznoat excluafvtly isto LPS (26); galactoae ia 
preeent in both the R-cort and 0-iid* chain in 5. 
ryphimuriurn (Fig. l). Strain SL 1030 is deficient In 
phoaphoinannoae ieomeraa* (28); eiogenoua manabet 
is utilized aolely for 0 -chain ayr> theaia in thia mutant. 
Strain SL 2533 ia deficient in both undine dipho*- 
phat^gaJactoee^-epimeraa* and phoaphomarwoec 
isomer***, *o that ita LPS may be labeled with both 
galactose (in core and 0 -chain) and cnannoee <in O- 
chain). S. typhimuriurt\ PR 122 ia a goIE nag deriva* 
tive of S. typhimurium SU 459 ihi*Fl(X$ trpB2 
melA22 xyl-I ttrASOl P") which waa teolated by P. 
Rick by the method of Wu and Wu (£?). Tarn gall 
mutation waa introduced by P22 traaaductta, ueinf 
S, ryphimuriurn C*d0 aa th* donor. Thii etrtin doe* 
not utilise glucosamine for gTcrwth. la the ebaenoe of 
eiogenoua galactose, it incorporate* gluooaexnint into 
lipid A and into peptidoglycan; when ejoganoua galac- 
tose ia present, glucosamine may aiao be incorporated 
into the R-core (Fig. U, Thii mutant ie aiao deficient 
in uridine diphoaoh* v^r^icto** -4-epijn#raae, ao thai 
the K^cort #nd O -chain rv..y tx LabrliK: with gaU.etoe* 
aft described above. Strain SL 1034, an £R muUnt 
which eynthesue* LPS that haa a tingle O -chain repeat 
unit attached to the H-ccre, waa provided by R Ni- 
kaido. Univeraity of California, Berkeley. Tne identi- 
ties of these a train* were confirmed by uaing their 
sugar utilization pattern* and aenaitivitiea to LP$*p*> 
cine bacteriophage*. Salmonella minnssata atraiiu 
were provided by 0, Loderita, Freiburg, Weat Ger- 
many. Broth culture* of S, typhimurium were grown 
in proteoae peptone- beef extract -0.5% NaCl (PPBE) 
(26) containing supple menu aa described below. 

Radioisotope*. D-0 • '*C]mannoae (59 mCi/mmoU, 
D.{2.^m«J\ftoee (14.1 Ci/mrool), and Hl-ingaUe* 
tos* (U.?Ci/mmol) w m obtained from New England 
Nuclear Corp, Boa ton, Mam Nacetyl-n-{ll!klu- 
CO*amine hydrochloride (11 Ci/mmol) and H^-^)- 
glucoaAinine hydrochloride (07.$ mCi/znmot) were ob- 
tained from nJDDenham Corp.. Arlington Height*, BL 
LPS preparation. Cella Urveated in th* Uto log. 
irithmic phaae of growth were eitracted with 45* 
phenol and purified aa previoualy described (21). LPS 
from 5. mtnnesoto R-core LPS mutant* and from S. 
typhimurium 1034 were prepared by the method of 
GaUnoa at al. (5); the S. minnttota mutante were 
grown in Trypticaee aoy broth (BBL Microbiology 
Syatema). 

LPS aaaay. A aoUd-phae* radioinununoaasay for 
0-antiftn waa uaed (21). The aUndard waa £. typhi- 
murium LPS prepared from etrain G-30 grown in 
PPBE containing 0.5 mM r>gal»cto**. Thie aaaay tnea- 
•ured LPS concentration* over the range from 0.001 
to 5.0 ^/ml 
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Tto. 1. Sclrnontllo LPS ttnuturt, TK* 9tructurt 
of S. fyphunuHum LPS i$ aAoum; $utncripts indicate 
*h* ttructum of Me S. rtuMU*>la P-eorw nutlw* 
aa#rf/or gradient SDS PACE (*t* Fig. 4}. ^be/i4*e- 
catoae; Von, mannoee; RAa, raoavioae; G&l galac- 
Um; OicNAc. S^tykiueoMaaiUM: Gle. glucom; 
Htp t htpto*; KDO, httodtoxyoctontU, Th* S. 
***** mulwxl strains W cno* tktir ph**etyp*M fin 
pamtihtsj imttoj foUoum: n$Q(Jttf. R346 fBt), US 
(R<j, M (BdJ. cW HS9S (R$. Th* Rc and Mx 
mutant* *Uc lock a photphau aitcchtd io Aepcoae 
(W* Wn*n prepared from culture* grown urithcut 
atoioHoae, LPS from & typhimurium strains G-S0.SL 
3S33. and PR IS3 ham an Re atruetur*. Zach lipid A 
moiety contain* boo moUculs* of glucescmin*. 

Growth up^rinesW. To label atrain G-A0 with 
ndioactiye gaiactoae, 300 m) of PPBE containing 0.1 
tnM p-galactoae and 1 mCi of (^HlgaJactoae was in- 
oculatec* with, 2 in? of » jpr^*f mJiure of strain G-30 
«U». Cuiturpt t*«r» aJuiieu at ihOrptti J\ A ST'C *>*ie7 
bath, and growth waa monitored with a Coleman Jun- 
ior II tpettrophototaeta* by measuring optical density 
at 640 tun <l^-cm Ughi pa Lb; PerUn- Elmer, Coleman 
Inatrumenta Drv^ Oak Brook. QL). CaUi ware bar- 
veaUd aJW three to four genera Lion* of growth (op- 
tica) denn'ty at 640 nm, 0.4). chilled rapidly In an ice 
water bath, and pelleted by Mtrifugation at 16,000 
X g for 6 mio at b m C Approaixnately 60% of tbt 
{*H)gaU»0ee waa incorporated bito cella under theae 
oonditiona Suhaaquant etepa in the preparation of 
znenbranee and aupcrnatant bleba were perfonned at 
lto4 # C . .. 

I To label atrain SL 35S3 with radioactive m.nni^ 
and galactoae, 60 ml of PPBE containing 100 aiCi of 
[ , r0gai»ctoa*, JO aQ of ( U C Jmannoae, 0,01 mM Don 
radioactive galactoae, and 0.01 mM M&iadioactive 
manrmat waa inoculated with 2 ml of a growing culture, 
of c«Ua Higher geJactott concentratkMia inhibited the 
growth of thia etrain, Incorporation of mannoae into 
the cella after 3-5 generationa of growth waa 66%, and 
inoorporatioD of galactoae waa 92%. 

Strain PR 122 waa grown in PPBE containing 0J& 
mM D^ucoaaJnine hydrochloride. The cell* in 40 isJ 
of medium ware , la baled with 300 aiCi of N*acetyl- 
(^]glucmainine or lfi aiCi of [ u CkIucoaamifte, When 
deaired, 0.06 noM Donradioectivt ivgaUctoat waa 
added to permit aynthesia of complete LPS; U baling 
with [*H}f alftctoee waa performed aa deacribed above. 
Incorporation of labeled gluroaamine into cella afuar 
3^ gtnerationa of growth waa 40 to 60%. 

Outer no en. bran « aeparation. Labeled cella were 
euapended in 2 ml of 25% aucroae in 10 mM HE PES 
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(4-(2*hydmiy«thyl).l* p iper»iifw ethanesuironic acid) 
buffer (pH 7.4) containing 4 ^ of RNaa* per ml and 
4 >!| of DNut per ml. After disruption in a French 
preae a* described by Jones end Oabom (10). Die 
preparation we* brought to Anal concentrttione of 20% 
sucrose and o mM EDTA in 10 inM HEPES. The 
sample •*ea then layered onto a cuahjon of 609- sucrose 
and centrirug td et 100,000 x * for 3 b 41 6 to 8 # C (4). 
•Hie membrane Wide were recovered from the sucrose 
cushion, resuspended in 10 auM HEPES to e sucrose 
concentration of 26 to 30%, and leyered onto a 30 to 
65% RKToee pedicel intncentrirugation wee for 22 b 
•t 260,000 x / And 6 to 8*C. Preetiena were collected 
by puncturing the bottom of the tube, diluted 120 or 
more in dirtilled water, ead tested for protein concen- 
tration by absorbent* it MO run ^corrected for abeorb- 
•m* it MO run [313). VUdmctivity wee determined 
by adding 2&*p) portione of these dilution* to 6 m! of 
Aquesol (New England Nuclear Corp.) end counting 
in e Packard model 2426 liquid scintillation counter 
(Packard Instrument Co., Ioc^ Dowmre Grove, 111.). 
NADH oxidase activity *u oeaaursd ae ctatcribsd by 
Oobom et el (26) and was related U protein coiKcn- 
tration, which wet determined by 4 modification of 
the Lowry method 116). 

Supernatant LPS. Por eawyi of the LPS conceit- 
O-ationa in culture tupemetante, Smlof culture fluid 
waa centrifuged et 13.000 X g for 10 min et «**C, and 
the eupemetaot receiitriftifed. The upp*r 1 ml 
*~a* removed for saaay. 1\n pwtdurt produced t 
reductioc ir viublt bect*ri«J c*;ur>u of £ ICf-fold an* 
left 1***1 iKaji 10^ vubi* otli* .p<r ml in the *up<me 
tent. Tnia number of cell* did not interfere with the 
r»dioiininunoe»Mey. For auxaJyeea of the LPS in super- 
natant fragments fVoca iaotopicelly labeled cultures, ft 
waa nooaeaery to eliminate residual cella from 40 to 60 
ml of aupemetant by filtration (QAS-pm filter, Sybron/ 
Nalgs* Rochester. NTJ. Culture* of the filtrate were 
sterile. The concentration of LPS measured in the 
filtrate by ndioimDiunoeaaay was equal to that found 
In the centrifuged supernatant, indicating that there 
waa no lose of LPS onto the fillet. Membrane frag* 
memta oooUining LPS were then precipita ted from the 
6Ken>d supernatant by adding 1.2 volumee of satu- 
rated emmoniuni sulfate (finaJ concentration, 65%). 
Thai procedure quantitatively removed LPS from the 
aupnmaunt and allowed complete recovery of ra- 
dloanmuikoaaaay activity from the precipitate. iSe 
precipitates were suspended In sucrose- HEPES and 
te>*ered onto SUQ UM gradient* for ulttacatntrirugation 
in parallel with membrane fraction*, as described 
ahove. 

BD8-PAGK. Polyecryiernick («*>) tube g»U con- 
taining 1ft 5DS were prepared and run by the method 
of PairWke et a! (5), a* modified by Jann et al (9). 
Samplea went aoiu bilked in di|eetkni burTer (B) by 
heatinc for 8 coin at 10Q*C. AfUr electrophoreaia, f«ia 
were ail mio 2-aao alkea, die^eted with 30% KrOt, 
and counted aa previously dearribod (20). Slab pla 
containeMl poly^cryUrnide {6 to 16-5% linear gradient) 
and 0^6% hijrh-n»o)ecutar>weifht polyacryUm»de (no. 
29788: BDH Chemkala, Poole, EnfUnd); other re- 
afenta were as described by Pairbenka et aL (5). A gel 
overlay (5% pol ye cry U^ide) waa added for loading the 
aampleek Slab cele were run at a conatant current (10 
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mA) until the pyronin Y dye just reached the bottom 
of the fel (20 to 22 h). Staining of |«U with periodic 
acid-SchUT reagent waj performed aa described by 
^eirbvias ot eL «nd OuorofTaphy waa by the 
method of Bonner end Laaley (3). 

RESULTS 

Outer metabr&ne preparation. We found 
that preliminary centrifugatioD in the presence 
of EDTA reduced inner raembri&t and nucleic 
acid conumioatzoo of outer membrADe pre pa* 
rations (4). laoUtod ouur mecnbrar>ea from 
atrmin G-30 bed an apparent bouyant denaity of 
2.22 to 1.25 i/ml, contained more than 66% of 
membrane ['H]galactoee # and were deficient in 
NADH oridaee, en inner membrane marker 
(Fig. 2). These findings are characteristic of 
outer membranes from 5. typhimurium (28). 
Siznilar reaulu were obtaine4 with strain SL 
3633 cells labeled, with [ 9 H]galactoae and 
(^Cjmannose; the gsJactAee-miunnoee ratio was 
constant throughout the gradient (data not 
shown), 

SD8-PACK analysis of LPS composition. 
The basis for this approach was the observation 
of Jann et aL (9) i that of 

an_LZ§Jn S DS-P AGE I* dUrectly relsTecT Tc the 
pc ranLRy e c/ bnid A in the U's'ao lfrculeT^hgn 
we aiu'dieT | f HJ|ia«ctose-Ub<TeB"lffain G-30 
LPS by using the tube gel system of Jann et al* 
(9) , we found throe major peaks of scti vity (Fig. 
3A). We expected (from the work of Jann et aL) 




Fic. 2. Outer mmbrvn* prtpentfian* Afemftrnnev 
Uiere prepared mi pcponXtd by meroM gradUaif 
ultrxMntrifittaticn c* d**arih*d in «Ae teat. TKe 
cross -haitXtd box** inAirat* Av4-D2/ osidaM* actdm- 
tits in fraction* pooitri from the £*o*a of protein 
concentration; oar* UidlcaU x itandard deviation. 
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Pic. 3. (A) Tube SDS PAGE of f'tygalcctoee to 
beted atrain G*30, Tfc* lop of the gel ix Oh the left 
Tht Roman numeral* indicate the three major peak* 
of radioactwity (for the quantitative vx>mpari*on* de~ 
scribed in the Uxl. peak IU included fraction* 21 
through 47). The arrow show* the pyronin Y dyr 
front, (B) Tube SDS-PAGE of CHfoatoetaw*- and 
("CJmonno* lolled etrrinSL WW. The M H and l4 C 
coujiu per minute (corrected far background and 
channel spillover) were normalized to lei the eountM 
in gd sfcv IS (peak !Q equal I XL Ratios of % Hto M C 
u#ri calculated ft-cm the actual corrected counts per 
minute in each gel etiet. The ehort arrow indicate* 
the dyt front. The abeence of {"CJtnannaee iO) from 
the fo*tt*t-migrating pea* of CWgoiaetom activity 
(•) indicates that thii ptoh contained only R-cort 
LPS (long arrow). (C) Tube SDSPAGS of /^ff/ftt- 
lax:to^ and! l *CJglucoe^in4'hbele<JBtroiA PR 122. 
Radioactivity measurement* were performed om de- 
scribed above for (B). The arrow indicate* the dye 
front. The U C labeled material at the origin (top) of 
the gel probably rtpretenti peptuiogiycen, einee pep- 
tidoglycan contain* glvxoeamine and doet not jtw* 



that th* faauat -migrating LPS would be R-core- 
lipid A, but the radioactivity profile in the gel 
was quite irregular, suggesting that more than 
on* LPS species might ha present. We than 
studied ■ train SL 3533 labeled with both f*H]. 
galactose and [ u CJmannoaa, Tube SDS-PAGE 
of double-labeled outer membrane* (Fig. 3Bj 
ahowad that the ratio of 3 H to U C increased with 
increasing migration distance and that mannoae 
waa not present in the faateet-migrating peak 
Thii behavior would be expected if only core 
LPS were present in the faataat-migrattng peak, 
gince core LPScqd tains galactose but not man- 
aaaftJFig. D.The, cjbserved ratioa of *ri uT ^C 
al ong th* gal are consistent with the addition o f 
a repeat unit which contain* aunncee and ir a> 
la ctose tin a core which contains only yaUcto ae. 
At the top (origin) of the gal, there waa bttfe 
venation in the mannoae-galactoae ratio, since 
the long O-sida chains minimized the contribu* 
tion of the galactoae-ccntaining core. Finally, we 
studied the incorporation of glucosamine and 
gaiactoae In atrain PR 123. Tube gel analysis of 
double-labeled outer membranea (Fig. 30 
showed that glucosamine waa present primarily 
in peak El; since in corporation of gW^^r^ 
into LPS is indepe ndept of 0<rmin J^njt^iJj^ 
ob^rverion i ndicate tint this gtr^jp prcferen - 
LLgv ni aiTSTlPS mo lecule* r fl ati>ejy tljp n 
d^aaln a. l^>e rauo'cTpHlgiOactoae i to (^jglU' 
coaamine (which pro video an estimate of the 
ratio of O -chain ptua R -core -to R-core plua lipid 
A) decreased with increaeing* migration distance 
along the gel. This finding again indicate* that 
migration distance in thia ayatem t> tnverae ly 
l " ideTcot 



t^U tad to LPS polysaccharide con tent 

Y'keac reaulu were conrLroScTanB aatandad 
by gradient alab SD^PAOE. Thia technique 
reaolved S. minnesota core LPS molecuiea 
which differed in alae by only two to three aoc- 
charidee (Fig. 4A) and dcmonatrated< a'- large 
aeriea of bands for LPS extracted from atrain G- 
30 cell* grown in the pretence of gaiactoae. like 
b-30 bande were present on gele stained with 
periodic ecid-Schiff reagent and on flubro* 
graphed gela, and they were obaarvad with pur* 
ificd LPS, outer membranea, and supernatant 
blebe. They did not stain with the Coonoaavie 
blue stain for protein. The fasted -migra ting -C- 
30 band co migrated with Rc S. mvnncwota LPS; 
thia waa not expected (galactoae^containinc core 
should be Ra or Rb [Fig. 1]), and the explanation 
for thia result is not known. Difference* between 



grate into SDS-polyacrylamide geU fSQ). Symbol* 
#. CHtgtdactoee; O, [ u C]gluc**amin*. The r©no of 
*H to U C decreased with increasing migration die- 
tanct ($ee test). 
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the preparations included the kind of growth 
awdiMm and the method of LPS cjtu-.etion (see 
above). The strain G-30 bands were generally 
dutnbuud into three populations, correspond- 
» f ^ P*** 8 observed with tube SDS- 

ct VI 2? , band * were • J "° P re «nt in ttrain 
S i,^, LPS douU# UbeW with I'Hlgalactos* 
and ( CJrnannose (Fig. 5>; only traces of man- 
nose were present in the ffts test-mi grating band 
as previously noted in the tub* gel analysis 

. i f PR 122 WM kbel * d 
iyj-i HJgJucosamine in the absence of exogenous 
galactose, almost ail of the radioactivity ap- 
peared in * single band at the bottom of the gel 
this represented.Jabeled He LPS (Fig. 6. lanes 1 
and 2). A band 4f radioactivity also remained at 
the top of the g el. which ia consistent with tht 
incorporation of Macetyiglucosajrnuie into pep- 
tjdoglycan (20). In a similar labeling eiperinwu. 
we addition of nonradioactive galactose allowed 
th* completion of the R-core and the synthesis 
of O-chajna, so that glucoaajnine-Ubeied bands 
appeared which migrated more slowly than the 
completed R-core (Fig. 6. lane 3). Wh« n the 
same strain was labeled with pHJgaWoae i„. 
»t*ad of glucosamine (Fig. 6. lane 4). the labeling 
pattern was identical to that found with the 
golE mutenu shown in Fig. 7. The findings with 
gradjent SDS-PACE are thus consistenT with 
the tube gel results. In both gel systems the 



bejed strain PR 122 indicated that most ef the 

O^S^ a ili J. hkn^aiiy, the gals cTSS 
eosarron* ratios in peak, I and II p£viderSh« 
tv dence that these peaks e^uOn LPS moT 
cute* w,th long 0-poly«ccharid^hair* 
The stability of the bandlne M tt*m t n »™.."T 

^,J. h t ,n T^ 1 e Ple w *« Actually JJJ 

erated by LPS aggregation. We afe. cblswj . 
evidence that the b jUi ps_didjhot repreJnTfr* 

bifrSSr^ , ™> ?*. P°'^^^ndTproduced 
O rfSJ ! of «. 211 contains 

O-cham aj,d FUon sugars, yet this preparation 
remained at the u>p (origin) in bothJelSysL™ 
(data not shown). This observation prided 
5S?P4* P de,,ce • 1,1,1 j^-rugBtion dung 

5r 0n l^^. mu3tip,e observed t^iuT§£ 
diem SDS-PAGB were present In LPS after 
extraction w,th hot 45% phenol (Fig. 4 5 and?) 
a treatment which release* O^lyMcS de 
from the earner lipid to which it is linked durina 
O-chain subuiut polymeria tion (II). Since poly* 
aacchandes do not migrate in the»e gels without 
linkage «o lipid, it unlikely tit tolSS- 

dat« m achain synthesis could account for the 
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Fic. 6. SDS-PaGE anaJysie of strain SL 3533 LPS 
laheled with f l HJgahictoee and [ u C)mannose. The 
orientation of the gel was the same as in Fig. 4. Thi 
gel u'oj cut into tito ports; port A was fluoragraphed 
to detect *H and "C in the binds, and pan B woe '\ 
automdiographrd to delect i4 C onfy. Lakes J and 4, 
Outer membranes of SI 3S33 labeled with fHJgalac- 
tone and ( u C}rnannof* OS described in the text; lanes 
2andS t f u CJmonndse'toheled$l J030 LPS (phenol- 
ioaier extract). Mote that oniy (*HJ galactose «w 
prraent in Ute faaU*4 -migrating bond (lone 1), 

multiple bands observed with phenol-extracted 
preparation*. Finally, the multiple bands w*r* 
also observed wh«n strain G-30 cell* were grown 
with [ 3 H]galactose foi one generation, Followed 
by two generations of growth with a 20- fold 
excess <1 rnM) of nonradioactive galactose. Fail' 
ure of the band* to "chase" into LPS with longer 
O^haina is Again evidence that the banding pat* 
tern represented completed LPS. 
Aa ahown above, the fastest -migrating labeled 
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Bp ecisa was core UP9. The regularity of the ^ 
banding pattern an3" the degree of reaolution 
damonatrated in the core region made it likely 
that each band on the gradient gel contained 
LPS molecule* whkh differed is use from those 
in adjacent banda by one O-chein repeat unit/ 
Thia_concluajon wm ^H^ fry ""^K & ' 
pH vnurutm SL 1034. a mutant which attache* 
only one 0-chjqn repeat unit to core LjK ^a LPS 
er&scted rrom &5L 1&34 ceils produced only ne 
band of periodic arid-Schiff •tain- positive ma* 
Uriel, which waa in a gel position that corre- 
sponded to the position of LPS containing a 
single 0-chein repeat unit (Fig, 4B). Thus, H was 
possible to determine from the banda in the 
gradient gels that tube gel peak IE contained . 
LPS with 0 to 16 repeat unite and to estimate 
(by extrapolation) that the average number of 
repeat units in peak II LPS waa 28 to 30. 

Although the evidence presented above tug- 
gevta strongly that peak I contained LPS mol - 
cules with very long O-chaini (constant m an* 
no^-galactOBe rag e. lu fh jtaUrtoye^duccaami ne 
re tip, ft low migration rate), the number of repeat 
unite present in peak 1 LPS could not be esti- 
mated accurately from our gala. The distribution 
of LPS into peaks I and D was somewhat van- 
ebW frotr. erpcrimect to experiment, even wher. 
the iatoc medium and bacterial strain v ere u&ed. 

Multiple periodic acid-Schiff reagent-Btained 
bands were also found in- LPS extracted from 
clinical isolate* of S. typhimurium <Pig, 4B), 
Salmonella typhi, and E. coil (data not shown), 
indicating that LPg^akc heterogeneity jg i not 
lirnJt^j IP the conoTtional mutants used torlRe ae 
erperiments. 

HupefuaUnt LPS. The release of LPS 
antigen) into culture supernatant* by S. typhi' 
murium G-30, as JDeanired by radio immunoaa- 
a*y, increased as the exogenous galactose con* 
centration increased over the range 0.05 to 0.6 
mM (Fig. Sh The small amounts of 0 -antigen 
released by cells growing without added galac- 
tose may hsv« beet) derived from trace* of ga- 
lactose present in PPBE ,(21) or from minor 
leakineas of the galE xnuUtion in this strain. To 
«seure uniform Incorporation of [ s H}galactoe« 
(preeent at a concentration of 0.7 uM) while 
allowing accumulation of sufficient amounts of 
mipernatant LPS fOY aubaequent analysis, a con- 
centration of nonradioactive gakactode of 0.1 mM 
waa arbitrarily chosen for the labeling experi- 
ments. Under these conditjona, aa perns Unt LPS 
coDtain#<i 0.6 to 1.4* of the radioactivity incor- 
porated into cells from the same culturea (four 
detanninatiorw). Similarly, strain PR 122 cells 
were labeled with [^glucosamine in the pres- 
ence of 0.08 mM nonradioactive D-glucoaaraine 
and O.oe mM D-gaiectoae. Supernatant LPS con- 
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Fie. 6. Crcdieni SOS PACE of win PR W 
teaW na&) labeled with Xvctt)l*{ M N)glu<o*cmine or 
( HJgoIaeton, Tht orientation of the gel woe the 
tarn* as in Fig. 4 and S, Lane J contained outer 
mmbraxet of Pit 122 iabeUd with h^aertyl^HJglw 
co#a>nine in the ab**nce of eiagcnoui galactose; 
250,000 loaded. L*n* $ carta ir**d 23.000 cpm 

of the most* ptifwation. Lant 3 contained 250,000 
cpm afNoeeryt.f+HJjUicotajnine-UbtUdotUerntejQ* 
brme from rtrun Pfi 122 CtlU grow* W the prteeru* 
of (LOB mM mnrndioactwt v gulactoK. Lane 4 con* 
tained 230,000 qyii of pHJgaloeio^lcbtled cuter 
membrane* firotn'c*U* groum in fh* pretence of 0.06 
mM nunrodUxutwt t>-galactcve. the heavy band CS 
*A* top oflanr* /, 5, and 3 rtpnoinu labeled pepti- 
dogfywu In ihe absence of exogenoae gnlactome 
{lane* I and 2J, radioactive gUeo-iamine uwt found 
in a tingle feint/ cJ a migration petition con$iMent 
with ihat of Re LPS fin lane /, the minor baiuU 
probably represent larger LPS molecxUt eymJuMed 
from l^oce* of galMtote in the Jntdium). r* 
OftTUXM gcdavtot* w^$prt»sM t P-tott and 0 chain* 
were $ynih*%*zed, and the distribution of radioaciiut 
glucosamine reflected the number vf mcticnuie* of 
each LPS *ixe spect** (lan* only trace* were 
present in the upptJ parts of the gel cv responding to 



t*in*d approiimetaly 0,5% of the radjoaciJvitv 
incorporated into cella, 

Sucroee jradieDt ultttcentrifugatioij of radio- 
UbeJcd jrup«n»uct UPS r*v©jj*d 9 ^ ak 
of H activity. The peak dfctaity varied with 
different preparation*, poeaUIy b*c*ua* of dif* 
ferent*i in tht aggregation of taorabmae 
notnt* with media ccxiftitwenta, but it wu never 
taor* thwit 1.20 i/inL J" : 

Coffipw^jn nf outer mebbr*u&c c&d «u- 
p*muta»t LPS cotopotfittooft. Since the nxue- 
tur* of lipid A-H-ctc* doea.aot vory with the 
addition of O-chajn repeat unit*, the erteot of 
labeling of ttrmlo PR 122 LPS with A^cetvt* 
I hjglu CTwn aia e ahould provide » eetimM* 'ot 
the number of LPS Anofocuisf in Mcb fixe cate- 
gory. A compariao© of the *tpe*MUm frag, 
meat* and eutar xnembraxiM which ware y#djo- 
lab*l*d with ^-*oe^d-{*H]gh»coaamine did not 
demonstrate t tooa£*t*nt dlff«rence in the di*- 
tritHidcn *i nuL'oftctiviiy into peaka U ajid HI 
(tube SD&-FAGE, Tahle i>. It waa not poasihle 
to rowuwre tht radioertivirv it^nxtftUKl into 
p«Ak I bocauee of tKa com^iainatioe of this peak 
in outer membrane* $ elfl with ftuecteaxnine-U- 
M*6 peptvioflycan (Pij. 3C); end ,-the number 
of cour.U in prai *D W4ub Jew. Tfcua, 

■Liar anaJywa (liable 2)\Thi» approach Pig^cicted 
t ^ 1 * t ^J>*i™taq t fragna^ata were aH yhdv en- 
r khyd m the an>ottnta »of radioactivity incorpo- 
re ted mlFloai^*M SQ ] and n> 

reLaEve to aJH)rt~0-c££ub LPS (peaic III). The 
direction of the diiferenca wait coaeiAtcnt (in 
each of five cunparUon*. aupersataxt frogmazite 
h*d a tfreoter perce&Uge of covert* m pa&k I and 
H LPS; jp * 0.031 twing t oa«- tailed Wtfwjxan 
Bigiied-ranlf teat). Howevei. the quantitative dif- 
ference* were «mall and vaiUble * (1.76 to 
11^5%). Moreover, gniaewate labeling vmpba* 
sized the quantitative influence of* atrusll num- 
ber of moiaculaft (thoac which co&toix^d rmtiy 
O-chain npeat units). In ho#i uf.the abovi^ 
doaenbed experiment c& bepectioi of the tube 
gel profile* did »o4 r*v*a] aubfJe 4iffewn>c?fw in 
the ComjMWUticci* of peak 111 is eupcruaeant £r«r- 
ntent and outer membrane LPS, altboufh such 
differences were euggwtad by alab SDS-PAGS 
of theme preparation* *Fif, 7). We cagc juda that 
gup ernaunt L PS ja probabl y etched i n tnS e- 
cole* with iong O^cVAina, aitSough the riuzsBer 



peahe J and II. When c*Um u*;t taxied ivilh radio- 
cetux gaUctove. the d&rihution of radioactivity .-*< 
fleeted thepre^nte of goJccto* in both H-cvrt euid 
O chain rtprai unit* (lane 4) and uhm identical to the 
dutinUaion of r*dioo*:i { jity found with faloti&er- 
labeled «rotn C?«J0. 
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1 2 3 4 5 

Fic. 7. SDS-PAGE comparison of outer mm 
brent and mupematant LPS. Preparation* from two 
separate experiment* are *hawn Lanes* i, 2 S and 3 
contained outer membrane*, supernatant bub*, and 
phenalivoter extracted LPS, rttttHctUxly, from 5. ty~ 
phimirmm GJQ gram uith PH]gcicctom e* de- 
scribed in the text; 2Q.Q0Q tpm of each preparation 
mom loaded Lane* A and 5 contained outer membrane 
and supernatant LPS. rteptctkxly, from a different 
experiment; 22,000 cpm of each preparation UfO$ 
loaded. For fUwrcgrophy, the prepared gtl wan et> 
pottd U X-ray film fof 3 week*. In eaih experiment, 
tupematant LPS appeared eomewhat depleted in 
LPS with mkort O fihain* end enriched in LPS vith 
long 0* chains. 

of molecule* which account* for this difference 
is arnalL 

DISCUSSION 

LPS «yn thesis in S typhimurium ha* h*en 
invearigatad inten«v«ly (22, 24). The K-co™ is 
made pn the inner membra ne by s tepwise »ji ai« 
ti on of ^unra tokeiofle^yo€toiut^1ii i»q 
. t &aaia of O not^cg^ j^^rara mae^nge n^y 
T^v oLliuid A-K co re synthe sis; Tfllgoa^tchiiririe re- 
peat unita. fanned on Cu polyiBoprenoid lipid 
cfcTriere, are polymerized on the inner merobrnne 
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Fic. 8. Accumulation of LPS (9>ctntig*nJ in wl> 
tare nuptmatanU of S. fyphvnuritsm, G*9Q* Strain G- 
20 <xlls wtrt grown in 2frr,v PPBE cuUwxe contain* 
in* different tontentroMjwe of D >gola£t&*e. The 
frc-UitS tx-ndii-iont, prepafazion cf iupe rruilnntu ajuf 
LPS L\siC) inert cj; o^ak-ribe^ tR the UsL G^wi*\ uhu 
tttipped at o cell density- oft* v. JO* uiat:& ctlUper mi. 
Each point U the oi»ertt^e of two dettrminationm* 
Accumulation of O antigen in the cuUurt wperna* 
tnnt uxu dependent upon tf -gaUxctom: Concentration 
ootr the range $tudied. 



Ta&UB L LPS *ize distribution in outer membrane* 
and iupematant bkb* of S. typhixuiritvn PR 122 m 
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Into O chains. Transfer of the completed P-a ide 
c hain to the H-Vore (the ligeae rfractaon) fe.fSl- 
iowefr qy transl ocation sfthe ooraplated LPg to 
t hrOTP&r Ifleikib rane. JYanalocaaon i> UTtvtTm* 
bVEut aomewhat noatfpecifk, aince R-core LPS, 
as well as ccraplr u tO-anttgen^ntajning) LPS, 
may be tr&nsfemd. One* tort LPS molecu le* 
a re prwwpt in the outer nyrnbrane , tKey art m >t 
"c ompitwr by me addition ot Q*«w cha ina 
t!9. 25). Y >Aj»Iy :jt ^oo app^Ajy to involve mem * 
bra ae ejtee^wH^y^eriae topee of ei^aaop Hb** 
twe en the ihdot end outer merri E nt nee KXV)7^ 

Heterogeneity in known to occur et eevereJ of 
the *t*pn in ScJmcneUn LPS 4^>pche«u, incJ^id- 
polyoserixetion of 0-chain repent unite (22 t 
?7), Previous workers Have ahaJyxed the lengths 
of O-polyBAccharid* cheine by usi^g f el filtr*taon 
(9) or method* (e^. t methyUtion) which deter- 
mine the number of end grtmpe b 9 popuLsticQ 
of isolated palyMceLaridfc molocuJe* (22, 13. 
Eft tlmAtee of the average S» fjy^im iu^nuJZ)- 
c hain ieniph ia e vari^y ?f BtT* in * hmvg ^IBtf* 
f rom 4 (15, 23) to fi to 30 OS) repeat uni te. Tkea* 



nucthed^s which require L»oifltiion and purifica- 
tion of the O -polysaccharide before aiuJywA, do 
not identify gmaU diiTereaces in C*ch&in length 
within a large populetion of molecule* In coo- 
trwrt, the SDS-PAGK gradient raetliod de- 
acribw) here wparates LPS mo]ecu)>ftB differing 
in ae few aa trrii or thru* 5acch£r:de» inn ohoervod 
foi S. miriAc*>txi H-core LPS [Kg. 4 A]), and \t 
can be used to ajaaiyt* the LPS in 4 variety of 
atardng' maUnala, labels or unlal>«2ed. .Thia 
sndthod should he KJ^fal for further study of 
LPS synthem* Id. nvp» lie it eUom simple reso- 
lution of LPS znoleculea of different iwwe» (2). 
Similar condu&ioru concerning LPS ai2e heter- 
ogeneity heve been roeched recently by work«n 
usin^ diaconliTiuoufl (Laeaunli) ^el EyBtexnn (7, 
27}. Our nsalta differ from the results of these 
invaet^atora in two ways. Pint, «re did not find 
the d oublet bands wh$ch were present in th e 
duiconSnuoufl gela, These aisthora con»iaere4 
eeverai explajaationa for tlieac d^ubletfi, wfcich 
aeeiued to dijTer ui ccmpositipc depending upoh 
conditions of LPS etora^e (7). Our reeulta au$- 
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gest that a comparison of the two gel eyaUrae in 
which the a&me preparations ere ueed may help 
solve this problem. Second, our gels wen* suit** 
ble for etaining with periodic acid-SchifT reagent 
Although thii method save' poorer resolution 
thnn autoradiography or fluorofraphy, banda 
were sufficiently distinct to allow study of non- 
radioactive preparation*. 

Our analysia indicates that, under the growth 
conditions ueed in thaae experiment*, S. ty phi- 
murium Make* IJ>S molecule * of many 



L gg witi abort pHchaina appear to be •y tha- 
ftiiSd pre ffe yarjtiaUy. at least In the mutant* * *tud» 
ied. Th« striking aire heterogeneity was net an- 
ticipated. Among the possible explanations arc 
H) synthesis of different 0-ehai» length* at dif- 
ferent phase* of grow th or in different region* of 
the cytoplasmic membrane, (ii) nonaelectiva po- 
lym erase or ligaae or bo th and (iii) ay^feaaia of 
di fferent Q-chaic lengths by diiyerentcclle t he 
cultur e (27). Although our data do pot distin- 
guish among these passibilitiea, wi alao found 
size heterogeneity in LPS from a clinical isolate 
of $. fyphimiATuim, thua, it ta unlikely that that 
phenomenon is limited to the mutant* ujted for 
the present experiments. . 

Several rUidjea of cuter ro embrs.ee assembly 
ha vi umh-; tr.ribodir* to 0-nntijg#n to identify 
newly evnthe«.M>d LPS irj uridine diphoephaU- 
g alactoee^-ep unerase *deftcient mutants of S. ty* 
phvKurium (14, IS), Newly sypth^aiaed LPS *p~ 
t p eered on bacterial aurfacna in patcKaa or c fue- 
which were adjacent to apparent SoSe* of 
a efchemon between inner an? outer racmftrana^ 
Our estimate* mentioned above, made by uaang 
similar atraina, indicate that moleculea with lon g 
O- chainfl coned tute , a tniiiynty of outer mam * 
bs&a£-LES> Sine* long-O-ckain Lra onar more 
antigenic site* for antibody binding than abort* 
0 -chain LPS, the observed aurface petcbea may 
not indicate bulk LPS tranalocation at thaae 
sitea, but rather tmnalocetion arte* for LPS with 
long 0 -chain*. In any m**, <h+ *}r& htUlTg^ 
of L PS fo outer membranes indicates mat theae 
ba eteria^lrar«*Jocats LPS molaculaa of many 
silt* trom Inner memb r ane* to outer menv 
branee. The trfluialocano'h roecnonisnita} thua 
may be multiple or to have little atta specificity. 

There is evidence that aupcrnatojnt bleba aria* 
from specific outer membrane aitaa; as augfaated 
by Witholt at el for £. coll poaaible site* o f 
ori gin for supernatant blebe induce membrane * 
ren ^rad. rejuj>^ant at septum formation (ce ll 
division), arena of membrane deficient in am-. 
rein^iiflC Drotain. and aitea of inserti on of new 
^PSjjnto^ ou ter rpembranee (8, li). We antici- 
pated that tfite supernatant iragreente might be 
enriched in LPS molecule* with long C -chains, 
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since the Ion* hy drophilic pol>-aaficharideti might 
facilitate the releaae of LPS rVom the outer 
ro embrace into the aqueous environment. We 
compared uter membrane and supernatant 
fragment LPS in two S. fyphimuriutn atraina. 
The re*u!ta of these experiment* arv conaiatant 
with tha conclusion that aypenuUmi LPS ar e 
p robably enriched in long-O^hain LF8 , al- 
thoufK the Burooii ■ oi molecules wkicb account* 
for this difference is emalL It should alao be 
noted that atraint with only core LPS structure* 
ahed membrane Cragm enu (1). Indeed, it aeeme 
that 5. fyphimuHum may ahed membrane frag- 
ment* by more than one. mechanism (or from 
more than one alte); the aupematant fragment* 
atudied here would then be a mixture of euch 
fragments, and the LPS composition* observed 
would reflect the contribution of different com- 
ponent* of the mixture. Our attempt* to aeparat* 
aucb oomponenta by density gradient ultra cen- 
trifufat^on were not aucceaarul, however. 

Tbeae findings may be important for an un» 
dersteadins of the pathogenesia of infectinna 
cauaftd by thia bacterium and other p-am-nega- 
tive bacteria. Both outer uembrame and aupar* 
natant membrane bleba contain lipid A f the tcxic 
moiety of LPS. Sb>cc 0*po1yBa^dnxridM extend 
h^om thf l>*<r t HrirtI jrurfa^ into the jrurrou:ndin^ 
*r.virorAfjjeni^ the oba^rved hev*rcgeneity of 
chain lengtha suggseta that t he aurface tono ) pra ^ 
phy nf jftiiaa ^lla mftv V fluit* irr^^f inH ^ ^ 
that tha awv«ttihttirv i^j^. f^^i nf th» — 

f* £?J*pvz* or for different ceila. It tf reaaonable . 
uTaxp^ct that 'tbevae d^ereScea may influence | 
the biological activity of LPS by modulating ^ 
hoaVlipid A interaction*. ^ 

/' A<^OWLC>CaJZNTO 

W« thank Lmo RMi km! EbJI Gat*dblit& 1m c*n*fu} *nA 
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tk*J a^wioa. fnd fU^m, 0. Bry« Hehuxl* C. Ga*x*x> 

tm tJbt up«fin«ata 

TKa work mm ttppcmaA by Pviblk Kvaltb Somrk* Youna 
Imntatiaatfir Ora&s AI-t4!>C frees tba Natkaal la^ttbiia of 
Att«rg? «»d lb!***** DiMMN <R ai.) Mad Vr&cra*d Sat* 
vvots U&Jvarrib* si H»«IUi &cb*atm wal JtC7J02 (I*. R). 
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